An ecological niche is defined by an array of biotic and abiotic requirements that allow organisms to survive and reproduce in a geographic area. Environmental data from a region can be used to predict the potential distribution of a species in a different region. Potential geographic distributions are useful in predicting the extent of invasive species, preventing economic and ecological damages. Many formalisms for modeling geospatial information have been developed over the years. The most notable benefit of these formalisms is their focus on a high-level abstraction of reality, leaving unnecessary details behind. This paper presents the stages of the Model-Driven Architecture approach for the design of database, with geospatial capabilities, for niches and potential geographic distributions. We take advantage of the UML GeoProfile formalism for geospatial databases, which is capable of modeling geographic and environmental data.
Introduction
Joseph Grinnell introduced the concept of ecological niche in 1917 [1] . Grinnell defined a species' ecological niche as its habitat requirements, i.e., the environmental variables that allow the survival and reproduction of a species [2] . George Hutchinson proposed a similar definition; he defined the ecological niche as an n-dimensional hypervolume determined by species requirements [3] . Dimensions of the hypervolume can be biotic interactions or abiotic conditions in which a species can survive and reproduce [4] . Nevertheless, the number of dimensions in a hypervolume is potentially infinite. Dimensions such as temperature and soil characteristics can be easy to collect, while other variables like the diet of an organism are, in some cases, not accessible. Additionally, certain dimensions can be irrelevant to determine the ecological niche [4, 5] . Notice that, an environmental niche is constructed only by abiotic conditions [6] .
On the other hand, potential geographic distributions refer to regions that have the appropriate set of environmental conditions for a species to live and reproduce. New approaches to calculate potential geographic distributions are mathematical algorithms that use environment data and occurrences of a species to make predictions [7] . Inputs for these algorithms are a set of occurrence data in an occupied area (GIS vector points, i.e., longitude-latitude coordinates), and environmental variables for both occupied and evaluated area (GIS coverage layers). Outputs, on the other hand, are either regions with suitable conditions in which species are present (but there is no evidence of this), or regions with suitable conditions where organisms are not present (both of them GIS coverage layers) [7, 8] . One of the most adopted algorithms to predict geographic distributions is the Genetic Algorithm for Rule-Set Production (GARP) [9] . The GARP algorithm uses occurrence and environmental data from the occupied area to produce a set of rules that define the dimensions of the species' ecological niche, i.e., the n-dimensional hypervolume. Next, the set of rules is projected onto the environmental variables of areas of interest (evaluated areas) to produce the potential geographic distribution of those areas [7, 8] .
The ecological niche and potential geographic distributions are fields of study in Ecology that have been of major research interest in the last years [10] . Still, few researches take into consideration the construction of dedicated databases for niches and potential distributions [5] . Modern Database Management Systems (DBMS) have capabilities to store geospatial information including geographic objects and environmental phenomena. Nevertheless, before creating a database, it is convenient to model the required entities and relationships in a conceptual model that can later be transformed into a database schema. The aim of this paper is to describe the stages of a Model-Driven Architecture (MDA) for the design of geospatial database of environmental niches and potential geographic distributions. The rest of this paper is structured as follows: Section 2 overviews related studies. Section 3 offers a summary of geospatial databases formalisms. Section 4 presents the MDA stages for designing geospatial database for environmental niches and potential geographic distributions. Additionally, Section 4 briefly describes an implementation of the data schema in a DBMS. Finally, Section 5 provides some final considerations.
Related Work
Previous works have attempted to provide means to model niche and geographic distribution information [5, 7, 11, 12] . This section summarizes prior efforts found in the literature. Although it does not involve conceptual modeling of geospatial databases, the work in [7] emphasizes the importance of databases in GIS applications stressing their storage capabilities. Moreover, it provides a six-step guide for using ecological niche data to predict potential geographic distributions using the GARP algorithm. Finally, it describes how environmental variables are handled in GIS applications, highlighting the selection of the appropriate GIS data types. The authors of [11] developed a tool that helps ecologists to design databases. The focus of their research is to simplify the design process for ecologists with no experience in database theory. They provided previously created templates that help overcome common errors while identifying relationships between entities. Models created in their tool can later be exported to a DBMS like MySQL. The major drawback is the lack of support for geospatial capabilities. Entities cannot be labeled as points, lines, polygons or fields; contrary to conceptual models like PVL or UML GeoProfile. Even if not directly related to ecological niches or potential distributions, the work in [11] is a valuable effort because it recognizes the importance of databases for ecologists.
The work in [12] presents guidelines for representing ecological niches in a conceptual model. According to the authors, traditional ER and Object-oriented models fail to represent the granularity of an ecological niche. They propose an ontological engineering approach to model ecological data. Despite the fact that there is no reference to ecological niche theory, the focus of their study is modeling the relationships between humans and their environment. Again, there is no support for geospatial capabilities.
Finally, the author of [5] provides an overview of the principal concepts related to ecological niches and presents an Object-Role Modeling (ORM) diagram of the ecological niche. The proposed ORM diagram includes entities such as species, fundamental niche, realized niche, hypervolumes and conditions. The work in [5] is an attempt to model ecological niches based on the concepts first introduced by Grinnell and Hutchinson from a database conceptual standpoint. Similar to [11] and [12] , it does not offer geospatial capabilities entities of the schema.
Formalisms for Modeling Geospatial Databases
One of the major elements of a GIS is the database in which information is stored [7] . Modern DBMS, such as Oracle and PostgreSQL (with the PostGIS expansion), offer capabilities to manage geospatial data and provide additional benefits like security, redundancy or user control access. Database designing has three basic stages: conceptual, logical and physical [13] . The conceptual stage produces conceptual data schemas that represent a high-level abstraction of entities and the relationships between them. The major benefit of using conceptual models is their independence of implementation details. Bédard and Paquette were the first to create a conceptual model (formalism) dedicated to model geospatial databases. They proposed a geospatial extension of the Entity-Relationship formalism [14] . Since then, various formalisms for geospatial databases have been proposed or expanded. The works in [15] and [16] offer a summary of the most important formalism. We decided to use the UML GeoProfile formalism for its capabilities to model both geographic (geographic objects) and environmental data (continuous fields). Fig.  1 shows the pictograms used in UML GeoProfile to represent geospatial phenomena. Additionally, UML GeoProfile supports international standards like the Geographic Information of the International Organization for Standardization (ISO) and the Open Geospatial Consortium (OGC). Moreover, UML GeoProfile adopts a Model-Driven Architecture (MDA) approach to develop databases schemas in separate stages [17] . Further information on UML GeoProfile, the ISO standards and MDA can be found in [17, 18, 19] . 
Modeling Environmental Niches and Potential Distributions Using MDA
The MDA approach is a design technique that emphasizes the use of models in the software development process [19] . In MDA, software is first modeled in a Computation Independent Model (CIM); CIM models are later transformed to a Platform Independent Model (PIM). The third stage of the process is the Platform Specific Model (PSM), which is later converted to implementation code. Benefits of using the MDA approach include reduction in system development time and increase in the abstraction levels in which designers can work [17] . In this section, we describe the three MDA stages of data schema for Environmental Niches and Potential Geographic Distributions. We also present an implementation of the data schema in PostgreSQL and PostGIS.
CIM Level
The work in [20] proposed a conceptual data schema for environmental niches and potential geographic distributions using UML GeoProfile (schema proposed by the same authors of this paper). As mentioned in [17] , conceptual data schemas created using UML GeoProfile are equivalent to CIM levels in MDA. The three packages in Fig. 2 represent the CIM level. Here, we summarize the explanation of the conceptual data schema proposed in [20] . Notice that in the CIM the focus is which (not how) geospatial features will be implemented; this is accomplished using the GeoProfile stereotypes [19] . The "Environmental Niche" package covers the classes and associations of an environmental niche. The Occupied Area class is related to various instances of the Occurrence class, which represents organisms of a species. Notice the topological relationship between the two classes marked with the Inside stereotype, i.e., and organism must be inside an area. In some cases an organism can be spotted in two or more areas in a different time, this is solved by assigning the Temporal Object stereotype to the Occurrence class. The niche's hypervolume is represented by multiple instances of the Niche Axis association class (dimension), which cannot exist without the association between the Species and Environmental Variable classes.
Fig. 2. MDA CIM level for Environmental Niches and Potential Distributions
The Abiotic Conditions package provides an example of the possible representation of the environmental data (coverage layers) that serves to construct a hypervolume. Notice the presence of the Temporal Object stereotype in some classes, meaning that certain abiotic conditions can vary over time, e.g., the monthly average temperature of a region. Finally, the Potential Geographic Distribution package shows the classes related to distribution projections. The Evaluated Region class represents the boundaries of the area in which the distribution is projected. The Evaluated Region and Potential Distribution classes are not associated because they belong to different views [20] .
PIM Level
The next level of abstraction is the PIM level, which is still independent of any implementation technologies. The transformation process from CIM to PIM consists in the inclusion of identifiers that differentiates the instances of a class and the use of standard ISO types [17, 18] . UML GeoProfile stereotypes change to ISO data types, e.g., the Polygon stereotype is transformed to a GM_Surface attribute. Fig. 3 shows the PIM abstraction level of the proposed schema. Notice that classes with multiple representations in the CIM level now contain a geometry attribute for each representation. For a complete reference of ISO standard types and their UML GeoProfile equivalent refer to [17] and [18] . 
PSM Level
PSM is the lowest MDA level and it is the one closer to the real implementation. In this case, for a PSM model it is necessary to use a technology capable of storing geospatial phenomena. Some wide known technologies are Oracle Spatial and the PostGIS geographic extension of PostgreSQL, both able to store and manage geospatial data. Fig. 4 exhibits the PSM level of the proposed schema using PostgreSQL and PostGIS. The PSM level presents implementation details like the use of Primary and Foreign Keys. Notice the use of PostgreSQL specific basic data type such as INTEGER or CHARACTER VARYING. ISO standard geospatial types are transformed to PostGIS implementations. The GM_Surface and GM_Point ISO types are transformed to the generic GEOMETRY type. For a complete reference of PostGIS, including guidelines to implement on how to use the GEOMETRY and RASTER and types, refer to the documentation available at http://postgis.net/documentation.
Implementation
We implemented the PSM level in PostgreSQL; tables in the schema can be created and used in a straightforward manner, i.e., using basic SQL statements. Code 1 shows the create statements to define the Occupied Area and Occurrence tables. Notice that additional fields were included in the table for Occupied Area to store a name and a description. Tables with geospatial information require the usage of special tools to insert information in them. These tools include shp2pgsql, which is capable of transforming Shapefiles to the GEOMETRY type, and raster2pgsql to convert raster images to the RASTER type. Both shp2pgsql and raster2pgsql can be used via command in a computer console, or as a part of an external application in conjunction with a programming language. Fig. 5 shows an example of the usage of the tool shp2pgsql via command in a computer console and Code 2 displays how to use raster2pgsql in combination with the programming language PHP.
Fig. 5. Usage of shp2pgsql via command
Columns of the RASTER type need constraints to maintain the integrity of the information in regards of spatial references system and block size, among others. Given that many types of raster images can be stored in a single table, it is fundamental to drop and add the constraints while storing information in the table. The PostGIS functions DropRasterConstraints and AddRasterConstraints serve to remove and add the constraints before and after the storage of the raster image. As a demonstration of the functionality of the data schema, we projected the potential distribution of a Brazilian tree species using the software openModeller [21] . Occurrences were obtained from GBIF.org (www.gbif.org) and environmental layers from WorldClim (http://www.worldclim. org/bioclim). Fig. 6 displays two projections made using the algorithms GARP (a) and Climate Space Model (b) [22] . Occurrence data, environmental layers and both potential distributions were later stored in the proposed schema created in PostgreSQL using PostGIS tools. Notice that all occurrences were checked with ST_Contains on the occupied area in the storage process.
Concluding Remarks
This paper presented the development of a data schema of ecological niches and potential geographic distributions of species using the MDA approach. The CIM level was previously modeled using the UML GeoProfile [20] . The CIM model was transformed into a PIM model that follows the ISO standards described in [18] , and then the PIM was translated into a PSM model linked to PostgreSQL and PostGIS specifications of geospatial data. For the transformation processes, we followed the guidelines presented in [17] and the ISO standards in [18] . We also presented an implementation of the data schema using PostgreSQL and PostGIS. We showed how to use PostGIS tools to store data in geospatial tables. The data schema can be implemented in other DBMSs with geospatial capabilities like Oracle; this might require further research of Oracle geospatial types and tools. The data schema presented can help ecologists to start their projects related topics involving niche-based potential geographical distributions. Future work includes the development of a tool that simplifies the usage of PostGIS tools to those who are not familiar with computer consoles and programming codes. 
